One sentence summary: High-throughput sequencing of copepod-associated bacterial communities indicates bacterial communities are dissimilar from surrounding oligotrophic seawater.
INTRODUCTION
Microbial community composition in the oligotrophic open ocean is indicative of biogeochemical processing occurring in the system; thus, knowledge of the microbial community is important in understanding the ecosystem function. One of the challenges in describing the structure and function of marine bacterioplankton is that bulk measurements from seawater tend to mask the microscale diversity, yet great variability in bacterial community composition in the microscale is known to be present (Long and Azam 2001b) . This microscale patchiness in diversity can be as high as diversity across long distances (Hewson et al. 2006) . The information on microbial function at the microscale plays an important role in understanding ecosystem function, as connectedness among microbial taxa may be key in driving microbial functions (Fuhrman 2009 ). Mesoscale patchiness brought about by coastal oceanographic dynamics including freshwater runoff may be more important than the microscale variability in determining microbial community structure in eutrophic coastal waters (Crump et al. 2004; Fortunato et al. 2012) . However, in the oligotrophic open ocean, where bacteria live under nutrient and carbon limitation, enriched microenvironments supporting the communities can be especially important (Azam and Malfatti 2007) .
Zooplankton potentially have unique microbiomes that are functionally distinct from communities in the surrounding seawater. Better access to bioavailable nutrients and carbon as well as steep gradients in oxygen and trace elements in these environments may assist in creating unique niches (Carman and Dobbs 1997; Tang 2005; Tang et al. 2011) . Bioavailable carbon and nitrogen in marine detritus, passing phytoplankton blooms and other organic substrata are known to attract a different subset of bacteria than the surrounding water (Jones et al. 2007; Gardes et al. 2011) . Copepods can be a significant source of DIN and DIP, through defecation and feeding (Steinberg, Goldthwait and Hansell 2002; Saba, Steinberg and Bronk 2009) , and the bacteria in the immediate vicinity of the copepod at the time of release are most likely able to benefit from these nutrients. Bacteria are known to be prevalent near the mouth and anus of copepods, areas exposed to the nutrients released through sloppy feeding and defecation (Dagg 1974; Carman and Dobbs 1997) . In addition, microbes attached to the larger organisms can move greater distances and have access to deep-water nutrients (Grossart et al. 2010) .
Bacteria may be found in copepod associations also via feeding interactions. Although unicellular bacteria are not in the typical feeding range of mesozooplanktonic copepods, bacteria may be consumed directly or indirectly (Wilson and Steinberg 2010) . A range of cyanobacteria inside the gut of subtropical copepods (e.g. Pleuromamma spp., Neocalanus spp.) (Schnetzer and Steinberg 2002) suggests that the larger cyanobacteria are consumed directly while the majority of the consumed cyanobacteria are obtained when feeding on aggregates (Wilson and Steinberg 2010) . In addition to the presence of cyanobacteria and other bacteria in copepod guts due to feeding, evidence exists for a more permanent internal or external microflora whose role is not well understood (Nagasawa and Nemoto 1988; Delille and Razouls 1994) . Some microorganisms on copepods may live in a symbiotic relationship with the host, trading advantages of the host for a specialized microenvironment (Ruby and McFallngai 1992) ; this is supported by recovery of bacteria from copepod guts after starvation (Hansen and Bech 1996) . In addition, nitrification and methanogenesis have been detected from freshly excreted fecal pellets (Bianchi et al. 1992) , and the interiors of fecal pellets have a high bacterial abundance (Gowing and Silver 1983) , suggesting bacterial activity in the zooplankton gut. Anaerobic N 2 -fixing purple sulfur bacteria were isolated from starved copepods, suggesting a dependence on a low O 2 environment (Proctor 1997) . Based on bacteriological approaches, Vibrio, Bacillus, Cytophaga and Pseudomonas are among the taxa frequently associated with copepods (Hansen and Bech 1996) . To some Vibrio spp., the chitin present in the copepod exoskeleton is a significant source of carbon (Bassler et al. 1991) , which is often growth limiting to free-living bacteria in the ocean (Kirchman and White 1999) . Selectivity for living copepod hosts by V. cholerae indicates, at the very least, a commensal relationship (Huq et al. 1983) .
Marine zooplankton contribute significantly to the transport of carbon and nitrogen from the euphotic to the mesopelagic zone through both the sinking of particles and vertical migration (Steinberg et al. 2000; Steinberg, Goldthwait and Hansell 2002) . The limited nutrients available to free-living bacteria in the oligotrophic ocean may promote selective associations with particles and living zooplankton for nutrient and carbon acquisition. In return, it is possible that the copepods are benefiting from the products of bacterial nutrient cycling.
In this study, bacterial community composition in association with several common copepods was investigated in the late summer oligotrophic North Atlantic subtropical gyre using amplicon pyrosequencing, studying individual copepods of different taxa and corresponding seawater in the euphotic zone. To date, most of the studies on copepod-microbe associations have been conducted on copepods from estuarine and coastal systems, while very few such investigations have been focused on copepods from the oligotrophic open ocean where nutrientenriched microniches could play an important role in shaping the overall bacterial communities. Copepod species composition and diversity in tropical and subtropical oligotrophic oceans are distinct from that in temperate coastal systems (Beaugrand et al. 2002) ; thus, a key objective of this study was to provide a first description of the copepod microbiome in the oligotrophic open ocean. Comparisons of these communities with those in coastal zooplankton will elucidate the potential of a core microbiome present in marine copepods that is independent of their habitat. A core microbiome may be indicative of copepod health and food sources and may influence microbial transport across long distances. Describing the communities in parallel with the freeliving communities in the Sargasso Sea elucidates the nature of microbial patchiness in this oligotrophic system. (Table S1 , Supporting Information), and from the R/V Stommel in St. George's Channel, off Bermuda on 25 August 2011 (station S1). Water samples were collected at the Bermuda Atlantic Time Series (BATS) study site in August 2011 and 2012, and station 5 (S5), 7 degrees directly south of BATS, in August 2012. Three depths of the water column were sampled at each station: close to the surface (10 m), near the deep chlorophyll maximum (DCM) at a depth of approximately 100 m, and 'mid-depth ' (40-60 m) between the bottom of the mixed layer and DCM. Water samples were taken between 21:00 and 23:00, immediately preceding zooplankton tows. A total of 4.5 L of seawater from each depth was pre-filtered through a 20-μm polycarbonate filter (General Electric Healthcare Life Sciences, Pittsburgh, PA) followed by filtration onto a 0.2-μm Supor membrane filter (Pall-Gelman, Port Washington, NY). Filters were immediately placed in sterile tubes containing approximately 100 mg each of 0.1-mm and 0.5-mm diameter glass beads (BioSpec, Bartlesville, OK), and then frozen at −80
MATERIALS AND METHODS

Sample collection and processing
• C.
To collect zooplankton, a 200-μm mesh square zooplankton net was towed aboard the R/V Atlantic Explorer between midnight and 02:00 local time (Stations S2, S3, S4, BATS). The net had a sealed cod end to minimize damage to the zooplankton. The net was lowered to a depth between 45 and 100 m (Table S2 , Supporting Information), held at depth 10-20 min and recovered using minimum wire speeds (∼8 m min −1 ). The coastal sample (S1) was collected using a hand-deployed 200-μm mesh net lowered and towed at approximately 10 m depth. Individual copepods were picked into 0.2-μm filtered seawater and rinsed three times. Visual 'typing' was done onboard under a dissecting microscope based on morphology and color, before freezing living individual copepods at −80 • C in sterile tubes containing glass beads as described above. All samples were transported to the University of Massachusetts Dartmouth in a dry shipper in liquid nitrogen fumes and stored at −80 • C.
DNA extraction was performed on zooplankton individuals or 0.2-μm filters (seawater samples) (Table S2 , Supporting Information) using a modified Qiagen DNeasy Plant Mini Kit (Valencia, CA) protocol (Moisander et al. 2008 ) with a final elution volume of 50 μL. During the sample lysis, samples were homogenized (Biospec Products Mini-BeadBeater-8) for 1 min, incubated on ice for 2-4 min and then agitated in the bead beater for an additional 1 min. After RNase A treatment, filters from the water samples were removed using a sterile needle, while in the case of zooplankton samples, the zooplankton carcasses were left in the tube.
Molecular identification of zooplankton
For copepod identification, the mitochondrial cytochrome oxidase subunit I gene (COI) was amplified by PCR (Folmer et al. 1994; Bucklin et al. 1999) . PCR in 50 μL reactions had final concentrations of 1X buffer, 2.5 mM MgCl 2 , 0.2 mM dNTPs, 1U Platinum Taq and 1 μM primers (Table S3 , Supporting Information). Denaturation at 94
• C for 5 min was followed by 35 cycles at 94
• C for 60 s, 52
• C for 60 s and 72
• C for 90 s, with a final 7 min at 72
A ∼700-bp product was excised from a 1.2% TAE agarose gel, purified and cloned using the pGEM-T vector system and JM109 competent cells (Promega, Madison, WI). Purified plasmids containing the insert were sequenced at the Massachusetts General Hospital DNA Core Facility (Cambridge, MA). Vector and primer sequences were trimmed using CLC Main Workbench 6 (CLC Bio, Cambridge, MA). BLASTn against the NCBI database was used to identify the sequences. Some COI sequences had no close matches in the NCBI database; these zooplankton were identified at a later stage of the study through analysis of their 18S rRNA sequence, produced incidentally during the 16S rRNA amplicon pyrosequencing (see below). Copepod COI sequences from this study have GenBank accession numbers KF985238-KF985240.
16S rRNA gene sequence diversity DNA samples extracted from individual copepods were processed by amplicon pyrosequencing using the Roche 454 platform (454 Life Sciences Corp, 2011) targeting the V5-V9 hypervariable region (909F-1492R) of the 16S rRNA gene. The PCR for amplicon pyrosequencing was done as a two-step process to reduce non-specific binding from the long primer/adaptor overhang sequence in the fusion primers (Berry et al. 2011 ) (Methods S1, Supporting Information). Error-correcting barcodes (Hamady et al. 2008) were added to the 909F primer sequence for downstream separation of samples (Table S3 , Supporting Information). Amplicons were purified using the Agencourt AMPure XP magnetic bead purification procedure (Beckman Coulter, Indianapolis, IN) before quantification and pooling. Library preparation and sequencing were carried out at the Duke University Genome Sequencing & Analysis Core facility (Durham, NC) on a Roche 454 GS-FLX Titanium instrument. A mock community assembled by combining varying concentrations of cultured isolates was also sequenced to assess the quantitative ability of the sequencing method (Table S4 , Supporting Information).
Sequence analysis
Sequences were processed using the QIIME workflow (Caporaso et al. 2010) , using the default settings unless otherwise noted. After the primers were trimmed, sequences meeting the minimum Phred-equivalent quality score of 25 (99.5% base call accuracy), with a size between 200 and 1000 nucleotides long, were denoised using QIIME's built-in denoiser. Sequences not meeting these parameters were removed. The two sequencing runs were denoised separately based on flowgram files and then combined. An operational taxonomic unit (OTU) cutoff of 97% was used in UCLUST (Edgar, 2010) , and principle coordinates analysis (PCoA) was done in QIIME to compare community composition among samples. Rarefaction curves were made using the vegan package in R Studio to assess species richness (Oksanen et al. 2015) . Full richness estimates were calculated in QIIME using Chao1 (Colwell et al. 2012) . Network analysis was conducted using Cytoscape (Shannon et al. 2003) . 454 sequences have been deposited into the NCBI Sequence Read Archive under the project number SRP042346. Statistical determination of differences between communities in different samples was conducted using the PRIMER-E software (Plymouth Routines in Multivariate Ecological Research Version 6; Clarke and Gorley 2006). One-way ANOSIM tests (10 000 permutations) were done with fourth-roottransformed phyla abundances and Bray-Curtis resemblances applied (Clarke 1993) . LEfSe was used to determine taxa responsible for the overall community differences between environments through a series of non-parametric tests (Segata et al. 2011) . These results do not indicate presence/absence between environments, but rather determine groups that are statistically more abundant in one environment over another. In cases where multiple taxonomic levels were deemed significant, the lowest significant taxonomic level was reported. Sequences from the amphipod were removed for this analysis to identify copepodspecific associations.
RESULTS
Molecular identification of zooplankton
Based on visual characteristics (color, morphology), the commonly encountered zooplankton types investigated in this study fell into distinct groupings, labeled as types 11, 12, 15, 19, 30, 32, 34 and 36 (Table 1) . Using COI typing, types 30, 34 and 36 were identified as Undinula vulgaris, Sapphirina metalina and Pleuromamma sp., respectively. Sex and life-stage determinations were not made at the time of collection; however, all Sapphirinid individuals were determined to be male based on their iridescent appearance. COI sequences from the zooplankton 'types ' 11, 12, 15, 19 and 32 used in the study did not have close matches in NCBI. These groups were identified by using the pyrosequencing data that revealed non-specific amplification of copepod 18S rRNA gene sequences during the 16S rRNA PCR. Based on 18S rRNA, the types 12, 15 and 32 were all closely related with Pseudocalanus moultoni (96-100% nucleotide identity to JX995325) (Laakmann et al. 2013 ). However, due to the range in nucleotide similarities in this study and the typical climate range of P. moultoni (Beaugrand et al. 2002) , it is possible that the copepods were of related species that have yet to be included in the 18S rRNA or COI databases. Based on 18S rRNA, type 19 was closely related to the small harpacticoid copepod Tigriopus japonicus, and type 11 was identified as the amphipod Phrosina semilunata.
Sequence diversity
16S rRNA gene sequencing resulted in 599 918 and 602 603 raw sequences from the first and second half-plate runs, respectively. Pre-filtering based on sequence length and presence of homopolymers reduced the number of sequences to 536 101 and 421 711, respectively. Denoising the datasets reduced the were recovered from the water samples while an average of 9018 reads (SD = 5878) were recovered from each of the copepod samples. Samples in the second sequencing run had an average of 9664 sequences (SD = 2949) from each of the seven water samples and 7697 sequences (SD = 5311) from each of the copepod samples after denoising. The percentage of reads for each species of the mock community was close to expected after initial sequence trimming and before denoising, confirming the quantitative ability of the sequencing method (Table S4 , Supporting Information). The flowgram clustering script in QI-IME resulted in the most rare member of the mock community being completely removed. Even with the large amounts of data the next generation sequencing offers, an unknown number of rare OTUs are lost in the current downstream analyses, resulting in an underestimation of rare community members (Sogin et al. 2006; Morales et al. 2009 ). By not including rare groups in community analysis, diversity information is underestimated; however, denoising is necessary to remove chimeras and other potential artifacts from 454 data (Reeder and Knight 2010).
Comparison of seawater and zooplankton-associated microbial communities
A total of 3500 OTUs were observed in the 35 samples. Rarefaction curves for seawater and copepod samples did not reach saturation, and overall species richness was lower for the copepod samples (Fig. 1) . Estimates of total richness were calculated using the Chao1 index, with total OTU richness of the water column samples estimated at 1340 for the surface, 2370 for the mid-depths and 1363 for the DCM. Zooplankton OTU richness was estimated to be 472 for Pleuromamma, 579 for Pseudocalanus, 503 for Sapphirina, 178 for Undinula, 120 for Tigriopus and 145 for Phrosina. One-way ANOSIM between water column and copepod samples resulted in a significant difference (P < 0.0001) with an R statistic of 0.754. The seawater communities were significantly different between the surface and DCM as well as surface and mid-depth samples (P < 0.05), while the mid-depth community was not significantly different from the DCM. Latitude and year made no significant difference in water column communities (R = −0.222, P = ns; R = 0.167, P = ns, respectively). Clades present in all water column and copepod samples included Alpha-, Beta-, Gamma-and Deltaproteobacteria, Planctomycetes, Bacteroidetes and Actinobacteria (Fig. 2) . Cyanobacteria were present in all of the samples; however, they had a higher relative abundance in seawater than in zooplankton. There was a 2-10% increase in cyanobacterial proportion of the community in the southerly tropical water compared to waters near BATS. Verrucomicrobia and bacteria in the Alphaproteobacterial SAR11 cluster were abundant in all water column samples but nearly absent in the copepod samples. Firmicutes, Alteromonadales and Vibrionales totaled less than 2% of the water column sequences, but formed a high proportion of sequences recovered from all copepod samples. Gammaproteobacteria, Vibrionales and Alteromonadales constituted an especially high proportion of the community in the copepod samples, making up 24.9 and 18.0% of the total copepod-associated bacterial sequences, respectively (Fig.  S1 , Supporting Information). Although present in lower proportions, Firmicutes were found in all zooplankton samples and not detected in the water samples. While not among the most abundant taxa, some bacterial groups were present in only certain species of copepods and water column depths (Fig. S2 , Supporting Information). Fusobacteria and Acidobacteria were only found in Pleuromamma spp., while Desulfovibrionales were present only in S. metalina. Neisseriales were found in replicate samples of three copepod groups, but absent in other taxa and seawater.
PCoA showed a tight clustering of all 10 water column samples away from all copepod samples (Fig. 3) . The bacterial communities of the Pseudocalanus-like copepods were significantly different (ANOSIM P < 0.05) from the communities of Pleuromamma spp. and Undinula sp. There was also a significant difference between communities in Pleuromamma spp. and Undinula sp. (ANOSIM P < 0.05). The most tightly grouped microbial communities within a copepod genus were those found within the Pseudocalanus-like copepods. The harpacticoid (Tigriopus) copepod and the amphipod (Phrosina) were outliers from the calanoid (Undinula, Pleuromamma, Pseudocalanus-like) and sapphirinid (Sapphirina) copepods, and since Tigriopus and Phrosina were individuals done without a replicate, it is not possible to determine if the difference is on the individual or taxa level.
LEfSe analysis indicated that members of Firmicutes, Betaproteobacteria and Gammaproteobacteria had a significantly greater proportion in the copepods than in the water samples (Figs 4 and 5) . Gammaproteobacteria were the dominant group among all copepod-associated communities, with Vibrio the dominant genus (Fig. 5) . OTUs belonging to the Gammaproteobacterial genera Alteromonas and Pseudoalteromonas were also significant contributors to the overall difference between copepods and the seawater community, having relatively high abundances across all copepod species (Figs 4 and 5) . Although present at lower abundances, Oceanospirillales had a significantly higher proportion in the copepod-associated environment than in seawater. Moraxellaceae was the only Pseudomonadales with significant association to the copepod microbiome (Fig. 5) , and Psychrobacter was the dominant genus of this group. Clostridia dominated the Firmicute sequences in two of the three Undinula samples, but Bacillales and Lactobacillales also were detected in Undinula and Sapphirina copepods, respectively. A single OTU of the Betaproteobacteria Burkholderiales most similar to Comamonas sp. was also determined to be significantly more abundant in the copepods (Fig. 5) .
A large number of groups, including representatives from Alphaproteobacteria, Cyanobacteria, Planctomycetes, Verrucomicrobia, Chlamydiae and Bacteroidetes, had a significantly greater proportion in water samples than in the copepods (Fig. 4) . SAR11 dominated the water samples and was a significant community member in the seawater, but it was also found in the copepods in minor proportions (Fig. 5) . Bacteroidetes was significant throughout the water samples, but it showed depth variation with at least a 5-fold greater proportion of sequences at the DCM than at the surface or mid-depth (Fig. 5) .
DISCUSSION
The proportions of dominant phyla found in the epipelagic waters in this study, including Alphaproteobacteria, Gammaproteobacteria, Cyanobacteria and Bacteroidetes, are consistent with the reported dominant bacterioplankton observed in the Sargasso Sea during summer months detected using cloning and sequencing, amplicon pyrosequencing, T-RFLP and FISH (Morris et al. 2005; Carlson et al. 2009; Treusch et al. 2009; Vergin et al. 2013) . Vertical stratification was responsible for much of the difference in microbial communities between water samples, while year had less influence, as seen in prior studies (Treusch et al. 2009; Giovannoni and Vergin 2012) . A geographic change in latitude of 7 degrees had little effect on the bacterial communities in the water samples, suggesting relative homogeneity of free-living communities in the Sargasso Sea over long distances on the north-south transect. The free-living bacterial community used as a comparison to the copepod-associated community in this study was pre-filtered through a 20-μm filter, which removed not only copepods, but all other large particles including other microzooplankton; thus, the communities in seawater associated with >20-μm fraction were not examined in this study. While the goal of this study was not to attempt to provide detailed information about the water column community shifts in the Sargasso Sea, the results from the water samples confirm the methodological approaches were valid.
The dominant taxon in all copepod samples was Vibrionales, a clade frequently associated with marine substrates. Vibrio spp. are commonly reported from associations with coastal copepods (Sochard et al. 1979; Huq et al. 1983; Scavotto et al. 2015) ; thus, the results here suggest that Vibrio associations are common across copepod habitats. Vibrionales is phylogenetically relatively compact based on the 16S rRNA gene diversity among species, and the 16S rRNA fragment from this study does not allow discrimination of different Vibrio spp. Diverse Vibrio spp. including Vibrio cholerae, V. mimicus and V. vulnificus have been discovered in the guts and on the surfaces of estuarine copepods (Sochard et al. 1979; Heidelberg, Heidelberg and Colwell 2002) , and these groups can exhibit species specificity for their zooplankton host (Montanari et al. 1999; de Magny et al. 2011) . In this study, the average proportion of Vibrio spp. was almost twice as high in Pleuromamma as in other copepods, suggesting host specificity. Many members of the Vibrionales order are chitinolytic and break down the chitinous exoskeleton of copepods to use it as a carbon and nitrogen source (Kaneko and Colwell 1975; Montgomery and Kirchman 1993; Carman and Dobbs 1997; Souza et al. 2011) . The metabolic and habitat requirements of this group make them key members of the zooplankton-associated community.
Other Gammaproteobacterial clades that were determined to be significant community members in the copepods included specific OTUs belonging to the Pseudomonad Moraxellaceae, Pseudoalteromonas spp., Alteromonas spp. and Oceanospirillales. Some members of Moraxellaceae are glutamate auxotrophs, which rely on either a presence of this amino acid in the environment or high levels of ammonia to survive (Wang et al. 2007) , which could explain their extremely low abundance in the seawater in this study. Moraxellaceae could potentially form long-term attachments on copepods to access amino acids and ammonium released in defecation. Conversely, members of the Alteromonadales, many of which are capable of readily exploiting patches of nutrients and organic matter, may also inhibit growth of neighboring bacteria (Long and Azam 2001a) , potentially including copepod pathogens. Pseudoalteromonas spp. have previously been linked to marine eukaryotes as surface Figure 4 . Cladogram of taxa deemed significant representatives of copepod or seawater habitat. Rings from the center to periphery represent kingdom, phylum, class, order, family and genus, respectively. Taxa responsible for community differences between the water column and copepods are shown. Shading of wedges with labels indicates the taxa deemed significantly more abundant for each environment. The taxa indicated with letters were significantly more abundant in one environment over the other. Not shown are significant groups classified at the OTU level, which included 129 water column OTUs and seven zooplankton OTUs. Red (microbial taxa significantly more abundant in seawater): (a) genus of Cryomorphaceae; (b) Cryomorphaceae; (c-f): unidentified genus, family, order and class of Bacteroidetes; (g) Chlamydiales; (h) Chlamydiae; (i) genus of Bacillariophyta; (j) Bacillariophyta; (k) genus of Chlorophyta; (l) Chlorophyta; (m and n) unidentified genus and family of chloroplast; (o) chloroplast; (p) genus of Group IIa Cyanobacteria; (q) Group IIa Cyanobacteria; (r) Family II; (s-u) unidentified genus, family and order of Cyanobacteria; (v) Cyanobacteria; (a1) genus of Planctomycetaceae; (a2) Planctomycetaceae; (a3) Planktomycetales; (a4) Planctomycetacia; (a5) genus of Rhodobacteraceae; (a6) genus of Rhodospirillaceae; (a7 and a8) unidentified genus and family of Rhodospirillales; (a9) Rickettsiaceae; (b0) Pelagibacter; (b1) SAR11; (b2) Rickettsiales; (b3-b5) unidentified genus, family and order of Alphaproteobacteria; (b6) Alphaproteobacteria; (b9, c0 and c1) unidentified genus, family and order of Betaproteobacteria; (c2-c4) unidentified genus, family and order of Deltaproteobacteria; (d4) Salinisphaera; (d5) Salinisphaeraceae; (d6) Salinisphaerales; (e2-e5) unidentified genus, family, order and class of Proteobacteria; (e6) Puniceicoccus; (e7) Puniceicoccaceae; (e8) Puniceioccales; (e9) Opitutae; (f0-f3) genus, family, order and class of unidentified bacteria. Green (microbial taxa significantly more abundant in zooplankton): (w) Bacillales; (x) Lactobacillales; (y) Bacilli; (z) Clostridiales; (a0) Clostridia; (b7) Comomonas; (b8) Comamonadaceae; (c5) Alteromonas; (c6) Alteromonadaceae; (c7) Pseudoalteromonas; (c8) Pseudoalteromonadaceae; (c9) Alteromonadales; (d0) Oceanospirillales; (d1) Psychrobacter; (d2) Moraxellaceae; (d3) Pseudomonadales; (d7) Vibrio; (d8) genus of Vibrionaceae; (d9) Vibrionaceae; (e0) Vibrionales; (e1) Gammaproteobacteria.
associates that reduce biofouling by other bacteria, viruses and phytoplankton (Holmstrom and Kjelleberg 1999) , and may protect the copepod host from infection through antibiotic production. Pseudoalteromonas spp. are regularly found on the surfaces and fecal pellets of coastal copepods (Hansen and Bech 1996; Tang et al. 2009) . It is possible that Oceanospirillales break down complex organic compounds to provide the copepods with nutrients as seen in polychaete worms and some bivalves (Goffredi, Johnson and Vrijenhoek 2007) .
While it is clear that Gammaproteobacteria and copepods have an important association that separates the copepod environment from the surrounding water, additional taxa were determined to be significant representatives of the copepod microbiome in this study (Fig. 5) . One of the significant bacterial groups associated with copepods in this study was the phylum Firmicutes. Members of Firmicutes are found in gut flora in mammals and terrestrial and aquatic invertebrates (Ley et al. 2005; Wust et al. 2011) , as well as in marine particulate matter (Vojvoda et al. 2014) . Clostridiales, Lactobacillales and Bacillales, the orders of Firmicutes found to be significantly more abundant in the copepod environment in this study, have major roles in animal digestion and have previously been found in freshwater copepods while absent in the surrounding water (Grossart et al. 2009; Homonnay et al. 2012) . With the results of this study from the oligotrophic open ocean, it appears that the association of Firmicutes with copepods is habitat independent. Clostridiales and Bacillales were more dominant among the Undinula copepods than other copepods (5 Figure 5 . Abundance of twelve individual taxa identified by LEfSe to have a significantly higher proportion in either the seawater or copepod environment. In each instance, depths of seawater are grouped by color (surface, mid-depth and DCM) left of the black vertical bar, and types of copepods are grouped by color to the right of the bar. Depth and taxon-specific averages are indicted with a horizontal solid line and medians with a dotted line when possible. and 1.6% total community, respectively), suggesting host specificity. Clostridia include a variety of obligate anaerobes responsible for chemoheterotrophic hydrolysis of organic matter (Kim et al. 2010) . Among the Bacillales, some Bacillus spp. degrade polymers that are otherwise indigestible for invertebrates, and they can be active both under anoxic and hypoxic conditions such as ones found in the invertebrate gut (Konig 2006) . Based on presence in fecal pellets of a lab-reared temperate copepod Acartia tonsa, Bacillus spp. may establish long-term attachments in the copepod gut (Hansen and Bech 1996) . Due to the absence of Firmicutes in the surrounding seawater in this study, but consistent presence in copepods, it is likely that these bacteria have formed permanent or semipermanent associations in the digestive tract of their host copepods in the oligotrophic open ocean, benefiting from the high-nutrient, low-O 2 environment.
Lactobacillus sp. was present in all zooplankton, but appeared to be most abundant in the S. metalina copepods, which are known parasitic predators of Tunicates (Heron 1973; Lopes et al. 2007; Takahashi et al. 2013) . The abundance of the Lactobacillus sp. in S. metalina over non-parasitic copepods may indicate a metabolism dependent on polysaccharides, including the cellulose tunicin (Angles and Dufresne 2001; Adsul et al. 2007 ). This metabolism could ultimately aid in the transfer of carbon from the gelatinous to non-gelatinous food web (Takahashi et al. 2013) .
Another group found most consistently in the Sapphirina copepods was an OTU belonging to the Betaproteobacteria Comamonas spp., known gut symbionts of terrestrial invertebrates such as termites and nematodes (Chou et al. 2007; Zouache et al. 2009; Gottlieb et al. 2012) , and capable of metabolizing a wide variety of complex carbon substrates (Ma et al. 2009 ). It is possible that Comamonas spp. aid in carbon breakdown from the tunicate host of S. metalina. Another betaproteobacterial sequence present mostly in the copepods and not in the water samples belonged to Neisseriales (Fig. S2, Supporting Information) . This group typically inhabits mucosal surfaces, and some members can quickly shift from aerobic to anaerobic conditions by activating a denitrification pathway (Edwards et al. 2012) . It is possible that these bacteria are capable of inhabiting mucosal surfaces on and within the copepod.
Although it can be assumed that most of the copepod guts were voided during processing, it is unknown if the copepods had food in their guts at the time of preservation. Presence of transient groups passing through the gut in some replicates but not others could explain differences within a single copepod type, as well as account for the statistical non-significance of some groups. Nonetheless, the total community composition in the copepod is likely to shift between full and starved states as bacterial community is affected by the host diet (Faithfull et al. 2012) .
This study provides what may be the first-to-date highresolution description of the bacterial community associated with copepods from the oligotrophic open ocean. The results show that in the oligotrophic open ocean, the copepod microbiome is clearly distinct from the surrounding seawater, and provide evidence that the copepod-associated communities differ among copepod taxa, suggesting host-specific associations, possibly reflecting food preferences or other ecological differences. Some of the microorganisms discovered in these communities are likely to rely on associations with zooplankton as a source of nutrients. The exoskeleton of copepods offers a chitin-rich, protective surface for Vibrionales, and excreted nutrients may support other gammaproteobacterial groups that thrive in nutrient-enriched environments. While copepods in eutrophic coastal waters may host similar microbial communities, especially Vibrionales (Huq et al. 1983) , the relative contribution to the total bacterial productivity could be more significant in the nutrient-depleted epipelagic Sargasso Sea (Long and Azam 2001b; Grossart et al. 2010) . This study provides evidence that similar bacterial associations are present across copepod habitats. The consistent presence of Firmicutes on copepods supports the idea that the gut serves as a microaerophilic or anoxic microenvironment, even in small copepods. This study provides the first detailed description of the microbiome of Sargasso Sea copepods, and future challenges include assessments of the metabolic activities of these communities. It is likely that bacterial communities in the nutrient-enriched and low-oxygen microhabitats on copepods contribute to numerous biogeochemical cycles in the oligotrophic open ocean and may contain unique and specialized functions.
